. Peptide Binding by ␤-Augmentation of PTB and PDZ Domains Diagrams are modified from Doyle et al. (1996) . Arrows represent ␤-strands; cylinders, ␣-helices. The bound peptides are in white; the domains are shaded. The segment of peptide bound to the PTB domain adopts a strand-turn conformation. The phosphotyrosine (pY) is the last ordered residue but need not be the C-terminus of the bound peptide. The residue at pY-5 (Shc) or pY-8 (IRS-1) is hydrophobic (⌽); the turn begins with an obligatory asparagine (N) and generally contains proline (P) in an NPXpY sequence. The segment of peptide bound to the PDZ domain is a simple, C-terminal strand. The carboxylate (minus sign) of the terminal valine (V) is bound by the Gly-Leu-Gly-Phe (GLGF) loop; the threonine (T) is specified by interactions with residues in the ␣-helix.
such that the bound polypeptide could continue beyond ␤-Sheet Augmentation and ␤-Clamps The most striking feature that the PDZ and PTB comthe phosphotyrosine. In both cases, however, specificity results significantly from interactions with the loop preplexes have in common is also the augmentation of a ␤-sheet by addition of an antiparallel peptide strand ceding the strand with which the bound peptide has its ␤-sheet hydrogen bonds. In the PTB complexes, resi-( Figure 1 ). Such ␤-augmentation is a noteworthy characteristic of assembly interactions in certain viral capsids. dues in this loop participate in an elaborate network of hydrogen bonds that anchor, quite elegantly, a ␤-turn In SV40 and polyomavirus, for example, pentamers of the major capsid protein VP1 associate with each other formed by the NPXpY residues. An NPXY (not phosphorylated) sequence is found in the cytoplasmic tail of the through contacts made by the extended, peptide-like C-terminal arms of the VP1 polypeptide chains (Lidding-LDL receptor, where it appears to serve as a signal for endocytosis by clathrin coated pits, and NMR studies ton et al., 1991) . The core of the VP1 subunit is a jellyroll ␤-sandwich, and in the assembled particle the have shown that it has some tendency to form ␤-turns on its own (Bansal and Gierasch, 1991) . The same might C-terminal arm of a VP1 subunit from another pentamer augments one of the sheets by forming an anti-parallel also be true of this sequence with a phosphorylated tyrosine, but the extensive set of hydrogen bonds be-␤-strand at one edge. This strand is then clamped in place by addition of a further strand from the N-terminal tween the IRS-1 PTB domain and the NPXpY segment of the bound peptide suggest that the turn is in any case arm of the target subunit itself. Both the "invading" C-terminal arm and the "clamping" N-terminal arm are strongly stabilized by interaction with the domain.
Comparison of the IRS-1 (Eck et al., 1996; Zhou et al., disordered in unassembled VP1. A somewhat similar set of interactions stabilizes picornavirus capsids. The virus 1996) and Shc (Zhou et al., 1995) PTB complexes shows that the ␤-strand and turn interactions are conserved, structures illustrate a property of ␤-sheets that is particularly suitable for assembly interactions: the free peptide while those with the phosphotyrosyl side chain are not. That is, in the two structures, arginine side chains emagroups at the edge of a sheet invite augmentation, and the complex can be stabilized if necessary by further nating from quite different parts of the domain interact with the pY residue. Thus, the essential common fea-␤-strand additions. Could this clamping happen in PDZ or PTB domain complexes? For example, could another tures of peptide recognition by the two PTB domains are augmentation of the ␤-sheet by the bound peptide region of the PTB-or PDZ-containing protein add ␤-strands to the distal edge of the bound peptide segand recognition (or imposition) of the ␤-turn. Differential specificity appears to depend on the presence of pockment? Or could the bound strand serve not only to associate the proteins (such as IRS-1 and the insulin recepets for binding hydrophobic residues at pY-5 (Shc) or pY-8 (IRS-1). The IRS-1 PTB domain could not accomtor) but also to nucleate addition of yet another protein to the assembly? The structures themselves do not rule modate a bulky residue at pY-5, and this interference may prevent it from binding to growth factor receptors.
out such a possibility. That is, the domains do not have elements that would interfere with further extension of the sheet-for example, by association of another peptide "tail" or even of the edge of another ␤-sandwich domain.
A peptide-surface association mechanism offers much greater flexibility than surface-surface association, since the way the peptide enters and leaves the region of contact can vary. Moreover, because the peptide is not part of an independently folded structure, its sequence is constrained only by the requirements of recognition by the appropriate domain. Thus, evolution can insert a short association sequence into a protein without otherwise affecting its activity. These properties may help to account for the widespread occurrence of peptide-surface association in signalling pathways. Related assembly motifs are likely to appear in other intracellular complexes, such as those involved in transcriptional initiation or membrane traffic.
